We present the Time-Pose control method for the trotting gait of a quadruped robot on flat ground and up a slope. The method, with brief control structure, realtime operation ability and high adaptability, divides quadruped robot control into gait control and pose control. Virtual leg and intuitive controllers are introduced to simplify the model and generate the trajectory of mass centre and location of supporting legs in gait control, while redundancy optimization is used for solving the inverse kinematics in pose control. The models both on flat ground and up a slope are fully analysed, and different kinds of optimization methods are compared using the manipulability measure in order to select the best option. Simulations are performed, which prove that the Time-Pose control method is realizable for these two kinds of environment.
Introduction
A quadruped robot has high adaptability and flexibility, not only can it walk on flat ground, but it can also move in unstructured environments. These benefits make the quadruped robot more suitable for a variety of harsh environments, such as disaster relief, military transport and the battlefield. BigDog, developed by Boston Dynamics [1] [2] , is the most advanced quadruped robot. Its trotting speed reaches 2.0m/s. A trotting gait is commonly used for low-speed walking, the range of horse trot speed is 1.0-5.0m/s [3] . Barron-Zambrano's [4] research on quadruped robots used a walking pattern called the Central Pattern Generator (CPG) for generation of different gaits. However, feedback from the robot has not been considered. In biped robot walking, Cardenas-Maciel [5] [6] designed a T-S Fuzzy Logic Controller and a kind of genetic algorithm for generation of the walking motion. Furthermore Porta García [7] has proposed an optimal path planning method for an autonomous mobile robot. Robot feedbacks were fully considered in their research. In this paper we present the Time-Pose control method for a trotting gait on flat ground and on a slope. The main idea of the Time-Pose control method comes from the humanoid walk, i.e., we control running speed by step length. Feedbacks of joint angle and velocity are needed in order to form a closed-loop. This method is based on a virtual leg [8] [9] , intuitive controller [10] , redundancy optimization and the biped robot Time-Pose control method [11] . It has two parts: gait control and pose control. Virtual leg and intuitive controllers are introduced to generate the trajectory of mass centre and location of supporting legs in gait control. Redundancy optimization is used for inverse kinematics in pose control.
The Time-Pose control method will be proposed in Section 2 and the definition of the method will be introduced. Gait control will be introduced in Section 3. The models, both on flat ground and up a slope, are analysed so that a unified movement law is generated. Redundancy optimization for pose control is tested by means of a manipulability measure in Section 4. Simulation and experimental results will follow in Section 5. Then the conclusion and the future works will be stated in the last section. 
Time-Pose control method
The Time-Pose control method drives a quadruped robot by appropriate step length in the right time and right configuration. The Time-Pose control method consists of gait control and pose control. Classification also comes from sensor components, IMU (Inertial Measurement Unit) and sensors on the actuator (i.e., force sensor, position sensor, etc.) corresponding to gait control and pose control, respectively. In gait control, the main objective is controlling the forward speed of the quadruped robot, the outputs are the location of the supporting legs and the trajectory of mass centre for the next gait cycle, while the main objectives of the pose control is solving the inverse kinematics and keeping the torso balanced, the main outputs are joint angle (by the inverse kinematics method) or torque (by the computed torque method), and finally by means of velocity feedback the two control layers are combined together to form a closed-loop control. In this paper we only calculate joint angles in pose control, as indicated by the dotted line in Figure 2 .
There are many advantages when using the Time-Pose control method. (1) Brief control structure: through gait control and pose control, the task is broken up into small pieces and can be easily understood and managed; (2) high adaptability in different environments: the speed can be controlled in a stable range according to the real terrain, also pose control can guarantee the body's balance; (3) real-time operation ability: the cycle of the gait control is 10ms and 1ms of pose control, the rapidity of the response depends on sample rate of sensors (i.e., IMU, force sensor, position sensor, etc.); (4) anti-interference ability: if an external impact (i.e., heavy impact, kick, etc.) effects the body, the robot will change the touch down location in order to eliminate the impact in the next 10ms period of gait control -10ms of fast response will greatly ensure the stability of the whole system. 
Gait control on flat ground
The main movement of the quadruped robot in space is similar to the planar motion. When the robot walks in a specified direction, we only need to control movement in that direction. That equals the planar motion. In this article we mainly concentrate on planar motion control in gait control.
Since it is difficult to study the precise model of a quadruped robot, we find some reasonable constraints which make the complex model equal to a simple model. The simplified model can reduce the degrees of freedom and the complexity of control. How is simplification of the trotting gait model achieved? A trotting gait that causes the four legs to operate in two pairs can be viewed like an equivalent biped gait, because the members of a pair strike the ground in unison and they leave the ground in unison. In order to make the legs work together in pairs, the virtual leg method coordinates the positioning of the physical legs, synchronizes ground contact and equalizes the axial leg force. The geometry of the body also simplifies the task of positioning the physical legs, especially for trotting. The deduction is described in Equation 1. In the process, the mass of leg is ignored when compared to the torso. , , f d τ stand for ground reaction force, hip torque and half of torso length, respectively. If constraint exists:
Virtual leg can be simplified as follows: 
The movement law of virtual leg can be simplified:
The equation above is also the movement law of a linear inverted pendulum. When given an initial condition, the linear inverted pendulum will begin to move by means of gravity. How is the walking speed controlled? The answer is step length -the quadruped's speed will be controlled by selecting different step lengths. The definition of step length is given in Figure 3 .
Gait control up a slope
Gradient is the only difference between flat ground and a slope. How to simplify the model? Because the virtual leg method has no constraints up a slope, so we can apply the same simplification. In this section we set the trajectory of mass centre parallel to the slope and it is an adaptation to the specific environment. The constraint of mass centre is given:
k is the gradient. Substituting Equation 8 into Equation 5, the movement law of the x-axis is:
.. / x gx z = (9) There are no differences between Equation 6 and Equation 9 ; this means that the movement law of x-axis, both on the flat ground and up a slope is consistent. A unified law of x-axis is generated using the virtual leg method. The difference is the speed of z-axis:
Pose control
Achievable configuration is the goal of pose control. Pose control utilizes the output of gait control to solve the inverse kinematics and generate joint motion; this process transfers the desire trajectory of mass centre to the joint angle of legs; and the actual trajectory of mass centre is obtained by substituting the joint variables into the kinematics function (or IMU); finally the actual trajectory is transmitted to pose control, so a closes-loop control is constituted. In Figure 4 , a single leg consists of four joints, one in the lateral, three in the forward, that is, there are redundant degrees of freedom in the forward. The main purpose of redundant design includes: (1) bionics design, (2) optimization for kinematics or dynamics. The Jacobian matrix, generated from redundant degrees of freedom, is not square, but rectangular. This means there is no inverse of the Jacobian matrix, so the gradient projection method [12] is introduced to solve the inverse of the Jacobian matrix.
Inverse kinematics of redundant leg
When a leg is redundant, it is certain that the inverse kinematics problem admits infinite solutions. This implies that, for a given location of the leg's end-effector, it is possible to induce self-motion of the structure without changing the location of the end-effector. Thus, the leg can be reconfigured to find better postures for task requirements. Generally speaking, if a motion task trace is commanded to the end-effector, it is possible to continuously modify the joint motion in such a manner that not only the end-effector task is correctly executed, but also a suitable constraint task is managed.
The kinematics mappings for robot legs can be written as: 11) q is the vector of joint variables, v is the vector of task variables. J + is the pseudo inverse of the Jacobian matrix.
The first item in Equation 12 is a minimum norm solution, the second item is a homogeneous linear equation solution. The first is located in the row space of the Jacobian matrix, while the second is located in the null space of the Jacobian matrix. Therefore, the two items are orthogonal. Since g function can be any selfmotion speed, optimization is accomplished by setting the proper value of g .
Leg configuration is the key point in calculating the Jacobian matrix. In Figure 5 we set the connection point of the hip and leg as the base coordinate system. Absolute joint angles are selected between the horizontal line and the rod, and relative joint angles are selected between the two rods. Why do we select the hip connection point for the coordinate origin? Because legs not only have a support phase, they also have a swing phase, and it is more convenient for the calculation of these two kinds of movement. 
The Jacobian matrix can be calculated: 
Manipulability measure
Redundancy optimization has two evaluation criteria: (1) joint limit in the actual system, (2) a quantitative evaluation function. Redundant legs have more ability than non-redundant ones in many aspects, such as avoiding collisions with obstacles in the working space.
In order to make full use of their ability, the manipulability measure [13] [14] is used for evaluation. Measure of manipulability is a scalar value given by:
In this section, leg squats are tested by using two different optimization functions. Different functions bring different effects, as we can see in Figure 6 . How do we choose a better function? The answer is by using the manipulability measure. The manipulability measure of different functions is given in the next section. The functions are as follows: In the movement the height of mass centre changes as a sine wave and the cycle of sine wave is 8s. The two optimization functions in this test are commonly used, especially 1 g function. There are significant differences in Figure 6 . Though the height changes in the same range, the configuration of joints differ from each other. Joint angles in Figure 7 have the same explanation as in Figure  6 and it is more intuitive. 
Simulations
For simplicity we ignore the other three legs. The main object, drawn in simulation figures, is a single leg. When walking on flat ground, the gait cycle is fixed to 0.4s and the height of the robot's mass centre remains unchanged throughout. When walking up a slope, the trajectory of the robot's mass centre is parallel to the slope and the angle of the slope is 10 degrees. Since both the movement laws of x-axis are the same, the gait cycle of slope walking can also be 0.4s. Figure 8 shows that after a few steps of acceleration the velocity of mass centre reaches the average of 1.5m / s. The velocity of the following steps is symmetrical. This result also can be inferred from the movement law which is the same as the linear inverted pendulum. In symmetry, we can see that the first half cycle is deceleration and the other half cycle is acceleration. This means that the mass centre decelerates from touching down to middle point, and it accelerates from middle point to lifting off. Why does this happen? Because gravity plays important roles in the process. The bottom half of Figure 8 indicates that the robot stops after three cycles. From Equation 7 we can deduce that step length becomes shorter in acceleration, while it becomes longer in deceleration. Since we need the trajectory of mass centre in gait control, we can get it by integration of velocity.
The basic requirement for joint movement is to meet the limit of joint range. The ranges of hip, knee and ankle are 20-85, 40-150 and 40-150 degrees, respectively. From Figure 10 and Figure 13 , we know that the movement of the joint is kept at the limit of its range. When walking up a slope, the speed of x-axis is 1.2m/s. In a real system the max speed of hydraulic actuator reaches 300mm/s, while the max speed of the two models is 172mm/s and 162mm/s. So the results can be applied to a real system. The manipulability measure in Figure 11 shows that method 1 is the best and method 2 is worse than the benchmark. Because the benchmark function equals zero, method 2 has the opposite effect. So we choose method 1 for walking up a slope. In Figure 12 the leg climbs along the slope and the step length changes consistent with that in Figure 9 . 
Conclusions
In this paper we concentrate on the Time-Pose control method and manage the trotting gait on flat ground and up a slope. These models, by means of simplification, are equal to that of the linear inverted pendulum. The movement law both on flat ground and up a slope has no difference in x-axis. Through use of the manipulability measure we have a better function for redundancy optimization so that in pose control inverse kinematics can be better accomplished. Simulations show that the Time-Pose control method is realizable in the trotting gait of a quadruped robot.
Future Work
In our future work we wish to explore how to equalize the axial leg force. The current method does not apply torque in pose control; we are currently working on methods for applying torque and redundancy optimization of dynamics.
